h uman milk (HM) is highly recommended as the optimal mode of infant feeding for the first several months of life. It serves as a source of nutrients with excellent bioavailability as well as multiple bioactive substances, contributing to growth, development, and health. Recent studies have made it more evident that breast-feeding may reduce the risk of metabolic disease later in life (1) (2) (3) . When the mother's own milk is limited for several reasons, donor HM is advocated over infant formulas as HM is superior to infant formula in terms of immunoprotection and gastrointestinal development (4) . Donor HM is commonly pasteurized at 62.5 °C for 30 min with a holder (i.e., low-temperature long-time treatment) in order to avoid HM-transmitted bacterial and viral infections (4) . Pasteurization is also applied to mother's own milk at some neonatal intensive care units for very low birth weight infants, who are highly vulnerable to cytomegalovirus in HM (5, 6) . However, this pasteurization may have negative effects on many of the nutrients and bioactive compounds. Pasteurization is accompanied by inactivation of bile salt-stimulated lipase, which may impair absorption of human milk fat and limit infant growth (6) . Pasteurization may reduce antioxidants such as ascorbic acid and vitamin E, thereby possibly increasing the susceptibility of the recipient infant to oxidative stress (7) . Pasteurization may also reduce immunomodulatory proteins, such as secretory immunoglobulin A and lactoferrin (LF), thereby attenuating the host defense potential (8) . Further, metabolic hormones such as adiponectin and insulin also decrease after pasteurization, which may impact metabolic trajectories of infants later in life (9) .
Proteins in HM primarily serve as a source of essential amino acids to infants, but they also exert various kinds of bioactivities beneficial to infant health (10) . Some of these bioactivities are provided by peptides which are "encrypted" in their parental proteins, and they are exerted only after these peptides are released by the action of gastrointestinal digestive enzymes, membrane peptidases, and/or peptidases in the circulation (11) . Although heat treatment is generally considered to affect protein digestibility (12) , it is still equivocal whether formation of milk-protein derived bioactive peptides is affected by pasteurization of HM. The aim of this study was to use a peptidomic technique to compare in vitro formation of bioactive peptides released from proteins in HM and pasteurized HM. We have previously developed an in vitro digestion model, taking into account the somewhat higher stomach pH (4.0) of infants (13) . Both HM and pasteurized HM were applied to in vitro digestion with porcine pepsin and pancreatin followed by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) analysis, and the released peptides from major proteins, such as caseins (CNs), α-lactalbumin (α-LA), LF, and osteopontin (OPN), were searched for bioactivities using established databases.
In vitro digestion of human milk protein
Articles RESULTS Peptides in undigested HM were analyzed prior to the analysis of digesta as background data (Figure 1) , because some of the protein-derived peptides are potentially present in undigested HM (14, 15) . As can be seen, a large number of peptides were observed. In agreement with previous observations, most of the peptides present in undigested HM were derived from CNs, and no peptide was identified from major whey proteins such as α-LA and LF. The most abundant peptides are derived from β-CN, reflecting its high susceptibility to plasmin-mediated proteolysis as well as the high content of this casein subunit in HM (14, 16) . Focusing on bioactive peptides in undigested HM, as shown in Table 1 (14, 15, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , two caseinophosphopeptide homologues, a possible opioid peptide or propeptide, and an antibacterial peptide were identified.
In vitro digestion of HM and pasteurized HM released a multitude of peptides from CNs and whey proteins ( Figure 1) ; both milk samples released peptides largely in the same way as exemplified by β-casein (Figure 2 ). This similarity also holds true for the patterns of bioactive peptides ( Table 1) . Notable bioactive peptides, released only after in vitro digestion, include angiotensin I-converting inhibitory (ACEi) peptides, antioxidative peptides, and immunomodulatory peptides.
It should be noted that we also extensively searched for bioactive peptides derived from OPN, a multifunctional protein involved in many physiologic processes such as regulation of immune function (31), but no peptide was found that corresponds to any known bioactive peptides ( Table 2) .
DISCUSSION
Pasteurization is a common procedure for treating donor HM and mother's own milk of very low birth weight infants in order to prevent HM-transmitted microbial infection. However, pasteurization may be accompanied by adverse effects such as reduction in fat absorption, loss of vitamins, and attenuation of bioactive compounds (6, 7, 9) , although it seems equivocal whether these changes are of significance for neonatal health (6, 32) . Aiming to further characterize "risks and benefits" of pasteurization, we compared the patterns of bioactive peptides released from HM and pasteurized HM after in vitro digestion.
The release of bioactive peptides from major milk proteins after in vitro digestion was generally the same for HM and pasteurized HM. We therefore suggest that holder-pasteurization of HM does not affect formation of bioactive peptides to a significant extent, and that the minor differences observed may be attributed to small variations in conditions for in vitro digestion. This result may be corroborated by previous studies, including our own, that high-temperature-short-time-pasteurization of cow's milk results in a digestibility similar to that of raw milk (13) . It should be noted, though, that the peptidomic technique used in this study has optimum sensitivity to determine peptides with medium length (~5-20 amino acid residues), which encompasses most bioactive peptides reported to date. Detection of shorter peptides is not compatible with this method because these peptides are hardly trapped on the reverse phase column in LC and they give poorer fragmentation in MS/MS (33) . Thus, this study inevitably misses the information whether pasteurization of HM affects formation of bioactive peptides with 2-4 amino acid residues. However, there are only a limited number of peptides of this size and few kinds of bioactivities (e.g., ACEi peptides) have been described for them.
Bioactive peptides derived from major human milk proteins are discussed below.
β-CN-Derived Bioactive Peptides
Although the proportion of whey proteins exceeds that of CNs in HM, CNs still constitute a considerable part of proteins and β-CN is dominant among them (16) , also serving as the greatest source of bioactive peptides (11) .
Four known bioactive peptides (residues 1-18, 1-23, 51-59, and 185-211) were identified in undigested HM, and they were preserved even after in vitro digestion of HM and pasteurized HM. Except residues 51-59, the presence of these peptides in undigested HM has been observed previously (14, 15) . Two peptides of residues 1-18 and 1-23 are considered human counterparts of caseinophosphopeptides because they have the "acid motif " SerP-SerP-SerP-Glu-Glu, essential for the mineral-carrier potential (11) . Both of the peptides were confirmed in digested HM and pasteurized HM, suggesting that these peptides would be stable following gastrointestinal digestion and be functional for facilitating mineral uptake. To the best of our knowledge, a peptide of residues 51-59 has not been reported present in undigested HM. This peptide includes the entire sequences of human β-casomorphins (residues 51-54, 51-55, 51-57, and 51-58) (20) , as well as it meets the structural requirements to exert such activity, i.e., a tyrosine residue at the N-terminus followed by another aromatic residue at the third or fourth position, possibly exerting multiple functions in neonates such as gastrointestinal function, mucosal development, and sleep induction (11) . This longer peptide would be opioidergic, and/or a pro-opioid peptide like bovine β-casomorphins; their longer precursor peptides are considered to be absorbed and then they are excised in the blood circulation. It should be added that this peptide also inhibits prolyl endopeptidase (PEP) in vitro and is possibly involved in learning and memory processes (19) , although its role in neonatal physiology has not been studied. While the peptide of residues 51-59 was still present after in vitro digestion of HM and pasteurized HM, shorter peptides such as an immunomodulatory peptide (residues 54-59) (21) and PEP-inhibitory (PEPi) peptides (residues 52-59, 53-59, and 56-59) (19) were identified only after digestion. Thus, gastrointestinal digestion would be required for the formation of these shorter bioactive peptide and they would be released from intact β-CN as well as the precursor peptide (residues 51-59). The last bioactive peptide in undigested HM was a peptide of residues 185-211, known as an antibacterial peptide (24) . This peptide was also In the function column, the abbreviations ACei, AO, PePi, and OP denote angiotensin I-converting enzyme-inhibitory, antioxidative, prolyl endopeptidase-inhibitory, and opioidpeptide, respectively. Dig, digested; HM, human milk; Past, pasteurized; Undig, undigested.
Articles identified after digestion of pasteurized HM (though not observed in digested HM), suggesting that this peptide should be considerably resistant to gastrointestinal digestion, and possibly being involved in prevention of infection in the gastrointestinal tract.
In vitro digestion released a multitude of bioactive peptides from β-CN, and one of the noteworthy regions may be residues 121-132. This region provides a PEPi peptide, previously investigated as an anticancer peptide (residues 122-131) (23) , an ACEi peptide (residues 122-129) (17) and another PEPi peptide, studied in the context of learning and memory processes (residues 125-130) (19) . While their roles in vivo have scarcely been investigated, all these peptides would also be precursors for a potent ACEi peptide of residues 125-129 (HLPLP) (22) . A Caco-2 cell study has demonstrated that a longer peptide (residues 124-129) is hydrolyzed to residues 125-129 in the course of transport across the intestinal epithelium, and the residues 125-129 exhibited high resistance to proteolysis in human plasma (34) . Despite the limitation in our knowledge of their mechanism of action, milk protein-derived ACEi peptides as well as their precursors may be involved in the modulation of cardiovascular disease later in life (11) . Other notable bioactive peptides are antioxidative, such as residues 50-53, 154-160, 167-173, and 206-209 (18,25). Although they have rarely been investigated in vivo, they may protect newborn infants from diseases mediated by oxidative stress.
α S1 -CN-Derived Bioactive Peptides
While bovine α S1 -CN constitutes a majority of bovine milk proteins, the amount of the human counterpart is very small (16) , and bioactive peptides derived from human α S1 -CN have received limited attention. Formation of three ACEi peptides has been reported after in vitro tryptic digestion of recombinant α S1 -CN (residues 8-11, 136-143, and 164-170) (26), and we identified two longer and one shorter sequences including/ overlapping the above-mentioned ACEi peptides in digested HM and pasteurized HM (residues 5-11, 136-142, and 160-170). These peptides may thus serve as ACEi peptides and/or propeptides.
κ-CN-Derived Bioactive Peptides
κ-CN, a minor CN subunit, serves to stabilize casein micelles in milk because of its highly glycosylated C-terminus, and this glycosylated region also functions as a prebiotic and an inhibitor of infection (11) . While we identified no notable fragment derived from κ-CN that completely matches known bioactive peptides, both HM and pasteurized HM released two peptides of residues 100-103 and 101-104, which are longer than an antithrombotic peptide (PPK) by one amino acid residue (27) . The peptide MAIPPK derived from bovine κ-CN also contains PPK and exerts antithrombotic activity (27) , and it is therefore plausible that the above two peptides would also be antithrombotic, possibly involved in modulating risk of cardiovascular disease later in life.
α-LA-Derived Bioactive Peptides
Whey protein comprises ~60% of human milk protein, and the major component is α-lactalbumin (16). α-Lactalbumin is a rich source of essential amino acids and of central importance to the rapidly growing neonate (35) , and it has also been reported to provide various bioactive peptides (11) . In vitro digestion of HM and pasteurized HM released an ACEi peptide (residues 104-108) (28) . The formation of this fragment has also been confirmed by in vitro digestion of a standard infant formula and of a protein hydrolysate formula (Y. Wada and B. Lönnerdal, unpublished data), suggesting that considerable resistance to proteolysis may guarantee its functionality in vivo.
LF-Derived Bioactive Peptides
LF is another abundant whey protein in HM (16) . This protein possesses several health promoting functions, and it also encrypts unique bioactive peptides, such as lactoferricin and prebiotic peptides (11) . However, these peptides were not detected in this study, presumably due to presence of disulfide bonds within these peptides, making it difficult to identify them with this analytic method. Although the three peptides of residues 566-573, 566-574, and 567-572 contain ACEi peptides (residues 567-569 and 572-574) and an antioxidative peptide (residues 570-572), which was originally identified from sardine and soybean protein (29, 30) , information about these peptides is scarce and it is therefore uncertain whether they may be active in vivo.
OPN-Derived Peptides
OPN is a heavily glycosylated and phosphorylated protein and is also present in a relatively high concentration in human milk (16, 36) . It is a multifunctional protein involved in many physiologic processes such as regulation of immune function (31) . However, bioactive peptides derived from it have not been investigated to date, and no peptide was found that corresponds to any known bioactive peptides. Peptides were present in undigested HM, and most of them are vulnerable to proteolysis as they disappeared after in vitro digestion. Other peptides were released after in vitro digestion and showed quite similar profiles in HM and pasteurized HM. Interestingly, there was no peptide identified which was released from residues 29-153, and Dallas et al. also reported a similar observation (15) . One possible explanation can be attributed to five glycosylation sites of OPN in human milk, all of which are located in residues 29-153 (36); glycosylated peptides are possibly released but lack of information regarding exact oligosaccharide structures makes them impossible to be identified by this peptidomic method. As OPN isoforms seem to exert different bioactivities depending on their glycosylation moieties (R. Jiang and B. Lönnerdal, unpublished data), structural elucidation would be warranted for identifying and characterizing novel glycopeptides from OPN. It is also probable that glycosylation moieties may block the access of digestive enzymes, thereby hindering the release of peptides.
In conclusion, pasteurized HM may be as beneficial as breastfeeding in terms of providing bioactive peptides, such as ACEi, antibacterial, caseinophosphopeptides, and immunomodulatory peptides as discussed above. These peptides may contribute to the growth, development and health of neonates. However, in vivo investigations will be required to substantiate the above conclusions, as well as to verify which of the observed bioactive peptides are of biological significance for infants.
METHODS

Samples
This study procedure was approved by the Institutional Review Board at the University of California, Davis. HM samples were obtained from a volunteer mother, from whom informed consent was obtained, at different lactation days and were pooled. Part of the sample was pasteurized at 62.5 °C for 30 min in a water bath. Both HM and pasteurized HM were stored at -20 °C until further analysis.
In Vitro Digestion of Milk Samples
Milk samples were skimmed twice by centrifugation at 8,500g for 30 min and then subjected to in vitro digestion (13) . After protein concentration was determined by the Bradford method (37), simulated gastric digestion was started with adjusting the pH to 4.0 (mimicking the stomach pH in infants) with 1 mol/l HCl. Porcine pepsin (Sigma-Aldrich, St Louis, MO; 2% in 1 mmol/l HCl) was added to the sample in a 1:12.5 ratio (pepsin:protein). Samples were placed in an incubating shaker (New Brunswick Scientific, Edison, NJ) at 140 rpm at 37 °C for 15 min. Then, after the pH of the samples was adjusted to 7.0 with 0.1 mol/l NaHCO 3 , simulated intestinal digestion was performed. Pancreatin (Sigma-Aldrich; 0.4% in 0.1 mol/l NaHCO 3 ) was added to the samples in a 1:62.5 ratio (pancreatin:protein), and the samples were placed in the incubator shaker at 140 rpm at 37 °C for 5 min. After the incubation, the enzymes were inactivated in a water bath at 85 °C for 3 min.
Peptidomic Analysis
Peptidomic analysis was conducted at the Proteomic Core Facility at the University of California, Davis, using a similar method as described previously (13) . Undigested HM, digested HM, and digested pasteurized HM samples were spun with a 10 kDa filter (Millipore, Bedford, MA). The collected filtrate was subject to solid phase extraction using Aspire Chromatography Tips (Thermo Scientific, San Jose, CA). The desalted peptides were reconstituted in 2% acetonitrile/0.1% trifluoroacetic acid and 10 µl of each sample was loaded onto a 100 µm × 25 mm Magic C18 100Å 5U reverse phase trap before being separated on a 75 µm × 150 mm Magic C18 200Å 3U reverse phase column. Peptides were eluted using a gradient of buffer A (0.1% formic acid) and buffer B (100% acetonitrile) with a flow rate of 300 nl/min. A 60 min gradient was run with 5-35% B over 45 min, 35-80% B over 5 min, 80% B for 1 min, 80-5% B over 1 min, and held at 5% B for 8 min. Tandem mass spectra were extracted and charge states were deconvoluted and deisotoped. All MS/MS samples were analyzed using X! Tandem (The GPM, thegpm.org; version CYCLONE (2013.02.01.2). X! Tandem was set up to search the Human reference database (May 2013; 20,252 entries) plus an equal number of reverse sequences and 60 common laboratory contaminant proteins, assuming a non-specific digestion enzyme. X! Tandem was searched with a fragment ion mass tolerance of 20 ppm and a parent ion tolerance of 20 ppm. Glu->pyro-Glu of the N-terminus, ammonia-loss of the N-terminus, gln->pyro-Glu of the N-terminus, deamidation of asparagine and glutamine, oxidation of methionine and tryptophan, and dioxidation of methionine and tryptophan were specified in X! Tandem as variable modifications. Scaffold (version Scaffold_4.2.1, Proteome Software, Portland,
